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MINUTES OF MEETINGS. 


Boston, February 16, 1921.—A regular meeting of the 
Boston Society of Civil Engineers was held this evening at 
Chipman Hall, Tremont Temple, and was called to order at 7.50 
o’clock by the President, Frank A. Barbour. 

There were 108 members and visitors present. 

The records of the last meeting were read and approved. 

The Secretary reported for the Board of Government, the 
election to membership of the following candidates in the grades 


named: 


Members — Henry T. Burrage, William H. Cronin, John J. 
Murphy, Frank J. Nowell, Percy A. Shaw. 

Juniors — Eugene Mirabells, Merritt P. Smith, George N. 
Watson. 
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Mr. Winslow moved the adoption of the following vote, 
which was passed at the last meeting, and it was carried unani- 
mously: 

Voted: That the entire income of the Permanent Fund for 
the current year be appropriated and placed at the disposal of 


the Board of Government for use in payment of the current 
expenses of the Society. 


The President announced the death of Louis B. Vaughan, 
which occurred on July 23, 1920, and by vote he was authorized 
to appoint a committee to prepare a memoir. 

The speaker of the evening, Mr. William N. Connor, was 
then introduced. Mr. Connor presented a most interesting 
paper, entitled ‘‘ Construction Costs,” which was illustrated 
with lantern slides. 

The paper was discussed by Messrs. Leonard C. Wason, 
J. Arthur Garrod, Luzerne S. Cowles and others. 

After passing a vote of thanks to Mr. Connor, on motion of 
Mr. Cowles the Society adjourned at 9.10 o’clock. 

S. E. Tinkwiam, Secretary. 


Boston, February 2, 1921.—A meeting of the Sanitary 
Section was held in the Society Rooms, and was opened at 7.50 
P.M. by Chairman Edward Wright. The minutes of the previous 
meeting were read and approved. 

The Chairman announced the appointment of the special 
committee on Plumbing Regulations, authorized at the last 
session, as follows: Messrs. R. S. Weston, H. A. Varney and 
E. H. Rogers. / 

It was moved, seconded and carried, that the Chairman 
appoint a committee of three to report nominations of officers 
for the ensuing year at the next meeting. 

The Chairman suggested that there be a dinner prior to 
the annual meeting, March 2. There being no expression of 
objection, Mr. Wright stated that arrangements to that end 


would be made and the place of the dinner announced in the 
notice for the meeting. 
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Mr. R. S. Lanphear was then introduced and held the in- 
terest of his audience of 32 with his address upon “ Several 
Years’ Experiments in the Treatment of Worcester Sewage.’’ 
His description of the conduct and results of the experimental 
work at Worcester which lead to the adoption of the Imhoff 
Tank-Trickling Filter method in preference to the Activated 
Sludge Process, on account of the unusual character of the - 
Worcester sewage, was followed by general discussion. 

Mr. Fales moved a rising vote of thanks to the speaker, 
and the meeting was adjourned at I0 P.M. 

Respectfully submitted, 
A. L. SHaw, Acting Clerk. 


FEBRUARY 9, 1921.—A meeting of the Designers Section 
was called to order at 6.08 P.M., with Chairman Ralph W. Horne 
presiding. 

There were 40 present. 

The minutes of the previous meeting were read and approved. 
A motion was carried that the Chairman appoint a committee of 
three to report, at the annual meeting, nominations of officers 
for the ensuing year. Howard Thomas, E. S. Parker and 
F. A. Marston were named for this committee. 

Mr. John R. Nichols was then introduced and outlined the 
principles and practices with respect to ‘‘ Flat Slabs — Design 
and Building Codes,” illustrating variations in the dependence 
which the framers of codes in various cities have seen fit to place 
upon the peculiar characteristics of this type of construction. 
A general discussion followed, in the course of which Mr. F. A. 
Marston described an unusual special problem in flat slab 
design which he had recently had to meet. 

After extending a vote of thanks to Mr. Nichols the meet- 


. ing adjourned at 8.05 P.M. 
Respectfully submitted, 
A. L. SHaw, Clerk. 
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APPLICATIONS FOR MEMBERSHIP. 
[March 15, 1921.] 


Tue By-Laws provide that the Board of Government shall 
consider applications for membership with reference to the 
eligibility of each candidate for admission and shall determine 
the proper grade of membership to which he is entitled. 

The Board must depend largely upon the members of the 
Society for the information which will enable it to arrive at a 
just conclusion. Every member is therefore urged to communi- 
cate promptly any facts in relation to the personal character or 
professional reputation and experience of the candidates which 
will assist the Board in its consideration. Communications 
relating to applicants are considered by the Board as strictly 
confidential. 

The fact that applicants give the names of certain members 
as reference does not necessarily mean that such members en- 
dorse the candidate. 

The Board of Government will not consider applications 
until the expiration of twenty (20) days from the date given. 


ALLEN, JOHN STETSON, Walpole, Mass. (Age 53, b. Walpole, Mass.) 
After leaving high school did office work for two or three years, then learned 
carpenter’s trade and later, in partnership with his father, conducted a con- 
tracting business, and gradually worked into various forms of general con- 
tracting and building. At present is president and treasurer of the M. W. 
Allen Construction Co., Walpole, Mass. Refers to C. M. Allen, J. M. Cash- 
man, G. A. Sampson and R. S. Weston. 

CoNGER, ALGER ADAMS, Worcester, Mass. (Age 45, b. Gouverneur, 
N. Y.) Graduate of Cornell University 1897, with degree of C.E. From 
1897-99 worked with U. S. Board of Engineers on Deep Waterways on ship 
canal surveys, plans and estimates; 1899-1900 with the Isthmian Canal 
Commission on surveys and estimates for Panama Canal; 1900-1 with New 
York State Barge Canal; 1901-3 with Michigan Lake Superior Power Co., 
asst. engineer in charge of power house and dock construction; 1903-6 with 
New York State Barge Canal in charge of plans and specifications for con- 
tracts canalized river locks and fixed dams; 1906-11 with J. G. White & Co., 
assistant hydraulic engineer, water-power development; 1911 to date, hydraulic 
engineer, Power Construction Co, and New England Power Co., on develop- 
ment, maintenance and operation of power plants and storage. Refers to 
C. M. Allen, H. K. Barrows, A. C. Eaton and G. G. Shedd. 
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DEMeErRITT, ROBERT Etwyn, Fort Sherman, Canal Zone, Panama. 
(Age 27, b. Orange, Mass.) September, 1912, to February, 1914, student at 
Mass. Inst. of Tech.; summer of 1914, rodman and transitman for C. E. Carter, 
Reading, Mass.; 1914-15, student at Tech.; September, 1915, to January, 
1916, draftsman and assistant engineer, Bay State Railway; February, 1916, 
to June, 1917, student at Tech.; summer of 1916, transitman, chief of party 
and inspector, Sewer Division, Woonsocket, R. I.; September to November, 
1917, inspector and assistant engineer, Sewer Division, Constructing Quarter- 
master’s office, Camp Devens, Mass.; November, 1917, to May, 1918, 2d 
Lieut., Coast Artillery Corps, U. S. Army; May, 1918, to date, 1st Lieut., 
Coast Artillery Corps, U. S. Army. Now at Fort Sherman, Canal Zone. 
Refers to C. E. Carter, H. F. Davis, G. L. Hosmer and J. W. Howard. 

STEWARD, DouGLAs PATTEN, Medford, Mass. (Age 19, b. Lynn, Mass.) 
Three years as rodman with the B. & M. R. R., and at present is a sophomore 
at Tufts Engineering School. Refers to R. Abbott, S. P. Coffin, J. J. Rourke, 
A. T. Sprague, Jr., H. M. Steward and W. A. Woods. 


LIST OF MEMBERS. 


ADDITIONS. 
Crontn, WALTER L.........-..-..-.---51 Claybourne St., Dorchester, Mass. 
INGORE ROOK) PARICER face. re) so 0 aa see e/a 6 Hancock St., Winchester, Mass. 
Wane CHARLES Ast ss ye ore coe tn ee s,. 6. Beacon St., Boston 9, Mass. 
MAECENG SNE BIOR Ty Neer orale <r sauna os): 505 Centre St., Milton 86, Mass. 
MIRA BEDIT, EUGENE 9 ....=: +525 seco: 20 Pleasant St., Dorchester 25, Mass. 
Nimere TORN i654 620. see's ole sors 4 Deering Road, Boston 26, Mass. 
INCOR AETE by LO Nee Se ee 20 Danville St., W. Roxbury, Mass. 
REL ELI IVE RSET Lp reece at forevate ohacece pcre nafo nie 22s 25 Linwood St., Arlington, Mass. 
VIELE ot OY An VLD i eines statieesel cite ose ye 12 fino seu 62 Condo St., East Boston, Mass. 
WURIGH Ta-E RANK» Vege occ < c/o se 2s oie cie cine 14 Forrester St., Salem, Mass. 


CHANGES OF ADDRESS. 


Bie <. Ee Oe er ts Senn gt days So poacaive) autre 21 Esther St., Pasadena, Calif. 


Brown, C: LEONARD........--+-- 810 Taylor St., N. W., Washington, D. C. 
Brown, T. Morris.....---.+.---++52 S. Arlington Ave., East Orange, N. J. 


BuRLEIGH, WILLARD G., 
Care The Man Message Corp., 620 Fifth Ave., New York Neve 


DuPUY, CLARENCE Slo... kes cee eee ct Halifax Hotel, Halifax, N.S. 
Farr, Gorpon M., 

Care League of Red Cross, 9 Cour de St. Pierre, Geneva, Switzerland. 
EIGDGHS Aw aqme cee eee eS 
STEARNS, RALPH H...... 
TUCKER, FRANCIS C.....-+..-+5-- 
UMSTEAD, CHARLES H.........----+-+- 


Woop, Leonard P...... 
2200 Municipal Bldg., New York, N. Y. 
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DEATHS, 
ANDREWS, DAVID Ela eteccticeiier tees ctr le flee ieee eee February 24, 192I. 
But, AUGUST Fevc sn evar cert ees.) pita ata nerheeietale Men AE ee age aes 
SCORGIE; JAMES! Gree ict scpete et ois laa auee havea aoa Nottie Reeten February 16, 1921. 
VAUGHAN, LOUIS Biol fe ooo clas aie cies See onae nee a 


LIBRARY NOTES. 
RECENT ADDITIONS TO THE LIBRARY. 


U. S. Government Reports. 

Chief of Weather Bureau Report. 1919-1920. 

Chief of Engineers of U.S. Annual Reports. 1920. 3 vols. 

Primary Traverse in Iowa, Kansas, Missouri, Nebraska and 
Oklahoma. 1916—-18. 

Triangulation and Primary Traverse in Kentucky and 
Tennessee. 1916-18. 

Triangulation in Maine and New Hampshire. 1916-18. 

Utilization of Black Walnut. Bulletin No. 909. 

Water Supply Paper No. 467. 


State Reports. 

New Hampshire. Annual Report, Public Service Commis- 
sion. I919. 

New Hampshire. Report of Commission on Water Con- 
servation and Water Power. 1919-1920. Geo. B. Leighton, in 
codperation with U. S. Geol. Survey. 


Municipal Reports. 


Lynn, Mass. Annual Report, Commissioner of Water 
Supply. 1919. 

Erie, Pa. Annual Report, Commissioners of Water Works, 
1918 and 1919. 


Miscellaneous. 


Aberthaw Tests on Concrete in Sea Water. 7 
Construction of Roads and Pavements. Agg. 
Phosphate in Canada. H. S. Spence, M.E. 
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Report on Road Materials along the St. Lawrence River. 
R. H. Picher. 

Report on Proportioning Concrete. R. B. Young. 

Report on Concrete Aggregate Investigations. R.B. Young 
and W. D. Walcott. 

Ships and Shipmasters of Old Providence. 

The Quebec Bridge. By St. Lawrence Bridge Co. 
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PAPERS AND DISCUSSIONS 


This Society is not responsible for any statement made or opinion expressed in its publications 


THE NEW METHODS OF PROPORTIONING CONCRETE 
IN THEORY AND PRACTICE. 


By Roperick B. YounG.* 
(Presented January 26, 1921.) 


In the last few years extensive and systematic experimental 
studies have been made upon concrete and its constituent ma- 
terials. These have resulted in important discoveries and ad- 
ditions to our knowledge of the properties of concrete, especially 
as to what governs a proper combination of its constituents, — 
cement, aggregate and water. Some progress has already been 
made in applying these new discoveries in a practical way, and 
it is the purpose of the speaker to describe the steps taken 
along this line and the results so far obtained by the concern 
with which he is connected. 

The first of the discoveries referred to is the water-cement- 
ratio-strength relation developed by Prof. Duff A. Abrams of the 
Lewis Institute, Chicago. Abrams claims that for mixtures of 
concrete materials with aggregates from a given source, the 
strength depends on only one factor, the ratio of water to cement, 
called for convenience the “svater-cement ratio’; that this 
relation holds so long as the concrete is workable and that the 
character of the aggregate makes little difference so long as it is 
clean and not structurally deficient. This relationship was first 
illustrated by the data from which Fig. 1 is derived, which covers 


tric Power Commission of Ontario, 


* Senior Assistant, Laboratory Engineer, Hydro-Elec 
Toronto, Ontario. 
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a series of tests of 6 x 12 in. cylinders of sand and gravel concrete 
using aggregates of different grading, made into mixes of differ- 
ent proportions and of various consistencies. All results of tests 
on concrete mixtures having consistencies dry beyond the point 
of workability have purposely been omitted from the curve. 
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Fic. 1.— RELATION BETWEEN WATER-CEMENT RATIO AND COMPRESSIVE 
STRENGTH OF CONCRETE (ABRAMS). 


One would judge from the foregoing that the relationship 
was independent of grading, consistency and proportions so long 
as these fall within practicable limits. This is not so. With 
cement and aggregate from the same source the relationship 
varies with all three and in a very definite manner. Instead of 
the relationship being a simple one, it is the reverse, and con- 
cerning which but little is as yet known. A full discussion of 
the water-cement-ratio-strength relationship is beyond the scope 
of this paper and would be highly technical and of little interest 
except to specialists. However, the relationship is of such great 
practical value in proportioning concrete that we will discuss 
briefly some of its peculiarities. . 

For the sake of simplicity the speaker has prepared a series 
of hypothetical curves showing the characteristics of the varia- 
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tions where the effect of each of the three variables, grading, 
consistency and proportions, is studied. These curves are based 
on actual data but are not to be taken as general, as other con- 
ditions than here assumed might alter both their form and 
sequence. 
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Fic. 2. — VARIATIONS IN WATER-CEMENT-RATIO-STRENGTH RELATION FOR 
DIFFERENT PROPORTIONS OF SAME MATERIALS. 
(HyPOTHETICAL CURVES.) 


Fig. 2 shows the type of curve which results where aggre- 
gates of the same grading are mixed in different proportions. 
The curve of each proportion is made up necessarily of concrete 
mixtures of different consistencies but contains no concretes so 
dry as to be unworkable. These curves are seldom coincident, 
and then only for short distances, but they not infrequently 


intersect. 
Fig. 3 shows the type of curve which results when the points 


of equal consistency or workability in Fig. 2 are joined. These 


new curves represent concretes of equal consistency which have 
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been made from aggregates the same both in character and 
gradation. The proportions of cement to aggregate vary for 
each curve from very lean mixtures at the extreme right to very 
rich mixtures at the extreme left. 

Fig. 4 shows the type of curve which results where fine 
aggregates of different grading are made up with different 
proportions of cement and aggregate to form mixtures of the 
same consistency. In general, well-graded sands of similar 
minerological characteristics though of different mechanical 
analyses will not vary greatly in strength for equal water-cement 
ratios. As sands increase in fineness or coarseness there is a 
falling off in strength, the relative loss in strength being different 
under different circumstances. It must be borne in mind in. 
considering these curves that mixtures of equal water-cement 
ratio are not of the same proportions of cement and aggregate 
and that therefore the relative economy of different sands cannot 
be obtained from a consideration of these curves alone. 

Fig. 5 shows the type of curve which results where concretes 
of the same consistency and proportions are used but having 
the ratio of fine to coarse aggregate varying. The mixtures at 
the left of each curve contain an excess of sand as ordinarily 
considered, the oversanding of the mix decreasing toward the 
right. This particular chart would illustrate an extreme con- 
dition where the fine aggregate was a very fine sand; with well- 
graded concrete sands the curves tend to flatten out and become 
coincident. 

If these last four charts and others like them covering a 
variety of gradings, consistency and proportions, were combined, 
the result would be.an area in which the major portion of each 
curve would lie and which could be approximated by a single 
curve. This is what has happened in Fig. 1, where the multi- 
plicity of tests included has obscured the fundamental variations 
to which the water-cement ratio is subject. 

How, then, can this relationship which is so complex be of 
any practical value? It is because of the fact that, within the 
range of grading, consistency and proportions ordinarily met with 
on any one piece of work, the variation of strength for any one 
water-cement ratio is not ordinarily sufficiently great to result in 
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serious error, and while the relationship is variable it is possible 
to use it in practical work to proportion mixtures which can be 
predicted to give compressive strengths of the value sought. 
Therefore, despite the fact that the water-cement-ratio-strength 
relation is unreliable in many particulars, it offers a means of 
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determining the strength of concrete mixtures which is a distinct 
advance over anything we have had in the past. 

Professor Abrams has also developed a method of evaluating 
quantitatively the grading of a sand or other aggregate by means 
of what he has named its “ fineness modulus.” His experiments 
have shown that the fineness modulus of a material is related to 
its concrete-making properties. This fineness modulus is ab- 
tained from its sieve analysis and is found by summing the 
percentages of material remaining on each of the sieves used in 
the analysis and dividing this sum by 100. Professor Abrams 
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has standardized on a particular set of sieves, the basic sieve of 
which is the No. 100 having a sieve opening of 0.0058in. In 
each succeeding sieve of this series the opening is double the 
width of the preceding one. One of the disadvantages of the 
“‘ fneness modulus ’’ method of determining the effective grading 
of an aggregate lies in its dependence on a particular series and 
type of sieve. 

Professor Abrams claims that this fineness modulus enables 
one to interpret properly the sieve analysis of an aggregate and 
that all aggregates of the same fineness modulus require the same 
quantity of water to produce a mix of the same plasticity and 
give concrete of the same strength, provided of course that the 
aggregate is not too coarse for the quantity of cement used. 
This is not in conflict with the water-cement ratio theory just 
described, for the fineness modulus simply reflects the changes 
in water-cement ratio necessary to produce a given plastic con- 
dition. 

Working independently on the same general problems, Mr. 
L. N. Edwards developed experimentally a method of propor- 
tioning mortars and concretes by the surface area of their aggre- 
gates. Mr. Edwards concluded from his tests that in mortars 
of the same consistency and made of the same cement and sand 
the strength obtained is proportional to the relation existing 
between the cement content and the surface area of the aggre- 
gate. He further found that with a given cement and with sands 
from the same origin the quantity of water required to produce 
mortars of equal consistency is a function of the water required 
to reduce the cement to a ‘‘ normal” paste and the surface area 
of the particles to be wetted. 

In other words, Mr. Edwards claims a relation between 
strength and surface area and between mobility and surface 
area, and his tests support his theories so far as mortar mixtures 
are concerned. Tests since made by the Hydro-Electric Power 
Commission, under the direction of the speaker, show that these 
conclusions are under the same conditions equally applicable to 
concrete mixtures. 

Fig. 6 shows the results of a series of tests on mortars by 
Mr. Edwards which support his claims as to the relation 
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between strength and surface area, and Fig. 7 a similar curve 
for concrete obtained from tests in the laboratories of the Hydro- 
Electric Power Commission. 

A corollary of Mr. Edwards’s proposition is that if mor- 
tars or concretes were proportioned with the same ratio of 


> 
cr) 
oa 
oS 


‘Tensile Strength — Pounds per Square Inch. 


Cement-Lbs, per 100 Sq, Ft. 


of Surface Area Cement-Lbs. per 100 5q. Ft. 


of Surtace Area 


Fic. 6.— RELATION oF STRENGTH OF Morrars To VOLUME OF CEMENT 
IN Mrx (Epwarps, 1918). 


cement to surface area of aggregate and mixed to the same con- 
sistency or degree of workability, the resulting strength would 
be equal. This conclusion was supported by a series of tests 
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(Fig. 8) in which this was found to be so. This, in a general 
way, has been found to be true of concretes. 

Mr. Edwards obtains the surface area of an aggregate by 
counting and weighing some of each size of grain obtained in its 
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Fic. 7. — RELATION BETWEEN COMPRESSIVE STRENGTH AND VOLUME OF 
* Cement in Mix FOR CONCRETE. (HypRro-ELECTRIC Power Com- 
MISSION OF ONTARIO.) 


sieve analysis, and from this data determining the average ae 
ber of particles per unit weight for each size. Then, assuming 
these to be ‘spherical, and knowing their specific gravity, he cal- 
culates the average volume per particle, the surface area per 
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3, 


particle, and hence the total surface area per unit weight for 
each size of separation. This can be done more simply by 
applying the formula developed by the speaker: 


eS 
nN 
A=236.1 \% 


where A equals surface area in square feet per 100 lbs., S equals 
specific gravity of the sand, and m equals number of grains per 
gram in any size of separation. 
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Fic. 8. — COMPRESSIVE STRENGTHS OF 2-IN. MorTAR CYLINDERS PRO- 
PORTIONED BY SURFACE AREAS (EDWARDS). 


The surface area of any mixed material can be found by 
multiplying the surface area per unit weight of each size of 
separation by the weight of that size present in the material, 
and adding these. The value thus obtained is not the true 
surface area, for the latter cannot be obtained, as the particles 
are not true spheres, are variable in shape, and have not smooth 
surfaces. However, this value undoubtedly bears a constant ” 
relation to the true surface area and for all practical purposes. 
is equally as useful. 
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Mr. Edwards’s tests emphasize the relation between strength 
and surface area but recognize the effect of water by stating that 
this relationship holds only for concretes of the same consist- 
ency. He found it possible to maintain mortars of uniform 
consistency by proportioning the water in them by a formula 
involving the surface area of the aggregates used. In other 
words, to obtain mortar mixtures of equal consistency and 
strength it was necessary to proportion both the cement and 
water by surface area. 


4000 


Series 20 
31 


3000 


per 100 Lbs, 


7 
ais 
a 
o " 
= " 
° 
8 
e 


2000 


1000 


Surface Area - Sq. Ft. 


) 


Fineness Modulus. 


Fic. 9. — RELATION BETWEEN FINENESS MopULUS AND SURFACE AREA OF 
AGGREGATE. (DERIVED FROM Aprams’ DATA.) 


Mr. Edwards is therefore using surface area as a.means of 
evaluating the grading of an aggregate in much the same way as 
Professor Abrams uses fineness modulus. Both are used to 
determine the proper: proportions for concrete of a desired 
strength and having a given degree of workability. Both use a 
formula involving these to determine the proper amount of 
water to obtain this degree of workability. It would be rea- 
sonable to expect, therefore, that the surface area and fineness 
modulus would be related in some way. It may be said that 
this is both the fact and not the fact. There is no mathematical 
relationship between fineness modulus and surface area, although 
both their formule involve a function of the diameter of the 
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particles of aggregate. If, however, the surface area and fine- 
ness modulus of a number of graded concrete aggregates are 
calculated and plotted it will be found that the relation between 
the two can be approximated by a straight line. Fig. 9, which 
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Fic. 10. — RELATION BETWEEN SURFACE AREA AND Maximum BULKING 
FOR GRADED SANDS. 


is derived from the published results of Professor Abrams’ 
experiments, illustrates this. The aggregates included were 
sands and mixed sands and gravels of widely different gradings. 

It is therefore not correct to say that surface area varies as 
the fineness modulus, but that it varies similarly to the fineness 
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modulus ; and this holds true only with graded aggregates. It 
is true, as has been stated, that for any one value of fineness 
modulus there can be an infinite number of values of surface 
area, or vice versa, but it is equally true that for the average 
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Fic. 11. — RELATION BETWEEN SuRFACE AREA AND MAXIMUM BULKING 
. FOR SANDS OF ONE SIZE. 


graded aggregate the range of values of fineness modulus for any 
one value of surface area falls within narrow limits. 

Surface area and fineness modulus are but two different 
ways of evaluating the same property of an aggregate. Both 
depend on the grading of the aggregate. Fineness modulus 
depends also on, the particular series and type of sieve used in 
determining the mechanical analysis of the aggregate, while 
surface area is entirely independent of the sieves used in its 
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determination. Fineness modulus is therefore the empirical 
method: surface area, the scientific. 

Other properties have been found to be related to the sur- 
face area of an aggregate. Consider the effect of moisture on 
the volume of fine aggregates. As is familiar to all, sand 
ordinarily occupies more space moist than when dry. It “bulks”’ 
due to the moisture contained. That these changes in volume 
were related to the surface area of the aggregates involved was 
not known until recently. Figs. 10 and 11 show the relations 
obtained for graded materials and for materials.in which all the 
particles were approximately of one size. The form of these 
curves is typical, but the equations expressing the relationships 
are not general and only hold for the particular methods of test 
used in this investigation. ; 

Both the relation between water-cement ratio and strength 
and between surface area, strength and consistency, have been re- 
ferred to as theories. It is hardly correct to call either “‘theories”’ 
if the word “ theory’’ be used in its strictly scientific sense. 
The relation between water-cement ratio and strength is in- 
fluenced by consistency, gradation and proportions in a manner 
as yet only partially understood. Surface area, likewise, is 
subject to very definite limitations of which as yet equally little 
is known. A great deal of investigation remains to be done 
before either are thoroughly understood. 

The proper theory of mixture has yet to be developed. If 
the speaker may be allowed to predict, he would prophesy that 
future work will show that this theory will include reference to 
voids either directly or indirectly, that it will include a function 
dependent on some property of the aggregated particle such as 
surface area which can be obtained by a direct test on the ag- 
gregates instead of from a mechanical analysis, and that it will 
involve water-cement ratio only as a secondary function and 
not as a primary function, as it is now considered. 

Methods of proportioning based on the foregoing studies 
have been developed by Professor Abrams, Mr. Edwards and 
the speaker. They have much in common. Each is a method 
of designing concrete mixtures to give specified compressive 
strengths after certain periods of time. Each has distinct 
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limitations. None offers a panacea for the ills of concrete; the 
fundamentals of good concrete practice must still be observed. 
All offer an improvement over the methods of proportioning now 
in common use. 

The method of Professor Abrams is based on his water- 
cement ratio strength relation and his fineness modulus method 
of evaluating aggregates. The method is based on the assump- 
tion that provided the concretes are plastic and the aggregate is 
not too coarse for the quantity of cement used, a given compres- 
sive strength is always equivalent to the same water-cement 
ratio. No other limitations are placed on the grading of the 
aggregate or on the consistency or proportions of the mix. 

The method requires a knowledge of the compressive strength 
of the concrete being proportioned, the class of work for which 
it is intended, and the consistency of the concrete, mechanical 
analyses and character of the materials which are to be used in 
its manufacture. 

Knowing the compressive strength, the water-cement ratio 
equivalent to it is obtained from Fig. 1. Reference is next had 
to a table of maximum permissible values of fineness modulus for 
different sizes of aggregate and different proportions, Table I. 


TABLE I. 


MaxiIMuM PERMISSIBLE VALUES OF FINENESS MopuLus OF AGGREGATES. 


For mixes other than those given in the table, use the values for the next 
leaner mix. 

For maximum sizes of aggregate other than those given in the table, use 
the values for the next smaller size. 

Fine aggregate includes all material finer than No. 4 sieve; coarse aggregate 
includes all material coarser than the No. 4 sieve. Mortar is a mixture of 
cement, water and fine aggregate. 

This table is based on the requirements for sand-and-pebble or gravel 
aggregate composed of approximately spherical particles, in ordinary uses 
of concrete in reinforced concrete structures. For other materials and in 
other classes of work, the maximum permissible values of fineness modulus for 
an aggregate of a given size is subject to the following corrections: 

(1) If crushed stone or slag is used as coarse aggregate, reduce values in 
table by 0.25. For crushed material consisting of unusually flat or elongated 


particles, reduce values by 0.40. 
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(2) For pebbles consisting of flat particles, reduce values by 0.25. 

(3) If stone screenings are used as fine aggregate, reduce values by 0.25. 

(4) For the top course in concrete roads, reduce the values by 0.25. If 
finishing is done by mechanical means, this reduction need not be made. 

(5) In work of massive proportions, such that the smallest dimension is 
larger than 10 times the maximum size of the coarse aggregate, additions may 
be made to the values in the table as follows: for 2-in. aggregate, 0.10; for 
ti-in.; 0.20; for 3-in., 0.30; for 6-in., 0.40. 

Sand with fineness modulus lower than 1.50 is undesirable as a fine 
aggregate in ordinary concrete mixes. Natural sands of such fineness are 
seldom found. 

Sand or screenings used for fine aggregate in concrete must not have a 
higher fineness modulus than that permitted for mortars of the same mix. 
Mortar mixes are covered by the table and by (3) above. 

Crushed stone mixed with both finer sand and coarser pebbles requires no 
reduction in fineness modulus provided the quantity of crushed stone is less 
than 30% of the total volume of the aggregate. 


Mise Size of Aggregate 
Cem- 
Agg. 9-28 0-14 0-8 0-4 0-3* 0O-F 0-3* 0-3 0-1”* 0-1} 0-2.1* 0-3” 0-4}* 0-6” 


I-I2..1.20 1.80 2.40 2.95 3.35 3-80 4.20 4.60 5.00 5.35 5.75 6.20 6.60 7.00 © 
I-9...1.30 1.85 2.45 3.05 3.45 3.85 4.25 4.65 5.00 5.40 5.80 6.25 6.65 7.05 
I-7...1.40 1.95 2.55 3.20 3.55 3-95 4.35 4-75 5-15 5:55 5-95 6.40 6.80 7.20 
I-6...1.50 2.05 2.65 3.30 3.65 4.05 4.45 4.85 5.25 5.65 6.05 6.50 6.90 7.30 
I-5...1.60 2.15 2.75 3.45 3.80 4.20 4.60 5.00 5.40 5.80 6.20 6.60 7.00 7.45 
I-4...1.70 2.30 2.90 3.60 4.00 4.40 4.80 5.20 5.60 6.00 6.40 6.85 7.25 7.65 
I-3...1.85 2.50 3.10 3.90 4.30 4.70 5.10 5.50 5.90 6.30 6.70 7.15 7.55 8.00 
I-2...2.00 2.70 3.40 4.20 4.60 5.05 5.45 5.90 6.30 6.70 7.10 7.55 7-95 8.40 
I-I...2.25 3.00 3.80 4.75 5.25 5.60 6.05 6.50 6.90 7.35 7.75 8.20 8.65 9.10 


* Considered as ‘‘ half-size’ sieves; not used in computing fineness modulus. 


At this point it is necessary either to assume the mix or the pro- 
portions in which the fine and coarse aggregate will be combined. 
The latter procedure is the simpler. If this is done, the fineness 
modulus of the combined fine and coarse aggregate can be cal- 
culated and, from the table referred to, the leanest permissible 
mix obtained. A formula is then used to determine the proper 
quantity of water-at the required consistency for this mix and 
materials of the assumed fineness modulus. If this quantity of 
water does not give the proper water-cement ratio, the mix or 
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the proportions of fine and coarse aggregate or both must be 
adjusted until the desired water-cement ratio results. 

Professor Abrams has simplified this procedure by developing 
the nomographic chart, Fig. 12, which includes the four variables, 
fineness modulus, mix, consistency and strength. This elimi- 
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Fic. 12. — DIAGRAM FOR THE DESIGN OF ConcrETE Mixtures (ABRAMS). 


nates the calculation of water content and water-cement ratio of 
the mix and permits the immediate determination of the proper 


proportions for any consistency and fineness modulus. 

Professor Abrams defines the plastic conditions of concrete 
by a system of relative consistency. Normal or a relative 
consistency of 1.00 is of such plasticity that a 6 x 12 in. cylinder 
of concrete will slump % to I in. after removal of the metal form 

immediately after molding the specimen. 


by a steady upward pull 
A relative consistency of 1.10 is a concrete mixture having 10 
same mixture at normal con- 


per cent. more water than the 
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sistency, and is of course increasingly plastic. A relative con- 
sistency of 1.10 represents about the driest concrete which can 
be used in concrete road work, a relative consistency of 1.25 
about the wettest concrete which should be used in reinforced 
concrete building construction. 

Mr. Edwards’s method is based entirely on surface area. 
To apply it, it is necessary to know the surface area of the ma- 
terials to be used and the relation between surface area and 
cement for concrete of the compressive strength desired. Mr. 
Edwards does not recognize water-cement ratio or propose an 
equivalent of Abrams’s system of relative consistencies. 

The surface area of an aggregate is obtained from its me- 
chanical analysis by the method already outlined. Grain counts 
of the different materials are not necessary since the data of 
Edwards's is offered by him as applying to all ordinary materials. 
Charts and’ tables are used to simplify this work. 

At the present time the relation between surface area and 
cement for the materials under consideration must be found 
experimentally for each case. Further investigation may show 
this relationship so nearly constant that, with a few modifica- 
tions, one set of values may be found to fit all materials. 

In applying the method, the surface area per unit of weight 
or volume is found for the aggregates, both fine and coarse, from 
their mechanical analysis and a table or chart of surface areas. 
A decision must then be made as to the proper combination of 
the fine and coarse aggregates for the work in hand. This can 
be had by a study of their mechanical analysis curves, or can 
simply be set arbitrarily by experience. The cement requirement 
for a unit volume of mixed aggregate or for an entire batch of 
concrete can then be obtained by multiplying the surface area 
of each material in the unit volume or batch by the cement per 
unit of surface area required for the quality of concrete sought. 

In this method no definite provision is made for propor- 
tioning mixtures of different consistencies or warning given that 
the relations established hold only for one consistency. Mr. 
Edwards in his tests on mortars gaged his mixtures to one 


degree of plasticity and thus provided a condition fundamental 
to the success of his method. 
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A comparison of the two methods is interesting. Edwards 
does not recognize water-cement ratio, but to obtain concretes 
of equal strength he proportioned both cement and water by 
surface area so that their relationship is constant, and mixtures 
of equal water-cement ratio result. Surface area is in effect the 
same as fineness modulus and is used for the same purpose in 
much the same way. Thus fundamentally the two methods are 
similar. 

The method of Abrams has been very fully developed and 
is offered as applicable to any materials and for concrete mixtures 
of all workable consistencies. The method of Edwards is 
equally applicable to all materials and consistencies, but lacks 
the data essential for its immediate application without special 
tests for each new set of aggregates encountered. There is 
little doubt, were studies carried out to obtain this essential 
information, the surface area method would do anything that 
the fineness modulus method will do, and do it equally well. 

If the speaker were to criticize the fineness modulus method, 
it would be because it attempts to apply to all materials and 
conditions without modification. The discussion of the vagaries 
of the water-cement-ratio-strength relation earlier in this paper 
shows how unsafe it would be to apply any method based on the 
assumption that this relation is constant to any and all condi- 
tions of practice without checking the results experimentally. 

The method of proportioning developed by the Hydro- 
Electric Power Commission of Ontario was brought about by 
their adoption of the principle of specifying concrete according 
to quality instead of by arbitrary proportions. This necessitated 
the study of a means of obtaining concrete of the desired quality 
under a variety of conditions. This work was undertaken by 
the laboratories of the Commission, under the direction of the 
speaker. 

A study was made of both the fineness modulus and surface 
area methods of proportioning. Neither was considered entirely 
satisfactory, and after considerable experimental work a method 
was developed which in many particulars is a compromise be- 
tween the two older methods. . 

No attempt has been made by the Commission to develop 
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a method which could be applied anywhere without experimental 

study of the materials with which it is to be used. The method 

isnot general in this respect but is general in the sense that it 

can be applied to any materials after their concrete-making 
' properties are once determined. 

An analysis of the problem showed two fundamental re- 
quirements. The concrete must have a strength at least equal 
to that fixed by the design of the structure of which it forms a 
part and during construction it must be sufficiently plastic to 
handle and place properly. 

A means of fulfilling the first condition was found in the 
relation between water-cement ratio and compressive strength. 
Without accepting the claim that the water-cement ratio of a 
mixture absolutely decides its strength, reference to the curves 
of Figs. 2, 3, 4 and 5 shows that under certain conditions the 
variation in strength for any one water-cement ratio is very 
much less than under other conditions and that the conditions 
under which the variations are a minimum are those which can 
be provided for by proper supervision and inspection. 

The most important of these conditions is a minimum vari- 
ation in consistency. In designing a concrete mixture which 
will meet a given water-cement ratio requirement it is necessary 
to have some method of determining the quantity of water which 
must be used to obtain a desired workability. This can be 
done by means of surface area, taking advantage of the fact 
that the water required to obtain mixtures of constant mobility 
is a function of the surface area of the aggregate used. 

The method of proportioning developed consists, in brief, 
of obtaining experimentally for each class of concrete and for 
the concrete materials in hand the relation between water-cement 
ratio and strength and between cement content and surface 
area for one degree of plasticity known as ‘‘ normal consistency.” 
If normal consistency is satisfactory for the particular work in 
hand, the cement content and water-cement ratio corresponding 
to the quality of concrete specified are taken from the tests, and 
the mixtures proportioned accordingly. If the normal consist- 
ency is not satisfactory, the consistency is varied as necessary 
by changing both the cement and water proportionately — thus 
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~ obtaining the proper water-cement ratio— until the desired 
workability is obtained. 

The experimental investigation consists of a series of tests 
on concretes made of the materials to be used on the work in 
question, the cement content of which is proportioned on the 
basis of surface area and the mixtures of which are all of the same 
consistency. Usually the information is obtained from a set 
of thirty-five test cylinders made up in seven different proportions 
according to the best laboratory practice and tested when 
twenty-eight days old. Such a series can be made at small cost. 

Table II is an example of the results obtained from one of 
these series. This information is plotted as in Fig. 13 (a) and 
(b). From these curves is obtained the information required in 
calculating the proportions. (Table ITI.) 


TABLE, I: 


EXAMPLE OF TESTS UsED TO ESTABLISH RELATION BETWEEN CEMENT CON- 
TENT, WATER-CEMENT RATIO AND COMPRESSIVE STRENGTH. 


Series 62-69 — Niagara Power Development. 


Cement — lbs. per 100 sq. ft. . 0 .75 Tee 20, 25 210) eeed.O§ 5.0 
Water-cement ratio 


PiyWeig bos. elles oth es 1.426 0.843 0.654 0.557 0.498 0.423 0.326 
Compressive strength, Ibs. 
per sq. in. (28 days)....... 519 1393 1919 2262 2890 3655 3 686 


441 1374 2027 1980 2714 2 873 4310 
487 1070 1740 2462 2749 3450 4 380 
617 1201 1514 2347 3010 2960 4 623 

1 636-2403) 2,892. «-. 3.792 


INWiCTAGCs aac cle es 516 1260 1767 2291 2851 3235 4158 


TABLE. III. 


EXAMPLE OF CONSTANTS USED FOR PROPORTIONING MrxTURES OF NORMAL 
CONSISTENCY FOR DIFFERENT CLASSES OF CONCRETE. 


Minimum Specified Cement — Lbs. 


| fencinth. = eh tpt by Ween. 
m Class. . Lbs. per Sa. In. Normal Consistency. Min. Max. 
/\ AeA, eee 2 500 1.45 0.48 0.53 
ca trrate ae Sayai 2 000 2.00 0.56 0.62 
ee 1500 22:50 0.65 0.73 
; ge See pee ene I 000 3.15 0.80 0.92 
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It will be noticed that water-cement ratio as used by the 
Commission is the ration of weight of water to weight of cement. 
As originally proposed, it was the ratio of volume of water to 
volume of cement. It was found more convenient to have the 
ratio on a weight basis, and the change was accordingly made, 
and this practice is now standard with the Commission. 
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Cement Content, Lbs. per 100 Water Content Ratio by Weight 
Sq. Ft. of Surface Area. 
Fic. 13 (a). Fic. 13 (0). 


CurvVES, ESTABLISHING RELATION BETWEEN COMPRESSIVE STRENGTH, 
WATER-CEMENT RATIO AND CEMENT CONTENT AT 
NORMAL CONSISTENCY. 


In Fig. 13 (a) is given the relation between cement content 
and compressive strength at normal consistency, from which 
can be read the cement requirement at that consistency corre- 
sponding to any desired strength. It is customary to allow a 
margin of several hundred pounds over the minimum require- 
ments of the specification to care for field conditions: the better 
the inspection and workmanship, the smaller the margin thus 
“necessary. 

From Fig. 13 (b) can be found the water-cement ratio cor- 
responding to the same strength. The cement content multiplied 
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_by this water-cement ratio will give the quantity of water per 
unit of area which must be used for concrete of the corresponding 
strength. 

All that now remains to be done is to multiply this cement 
and water content per unit of area by the total surface area of 
the aggregates to be used in a batch of concrete, putting the 
results in terms of bags of cement and gallons of water. 

The water content of the batch thus determined is the max- 
imum quantity of water which can be present in the mixtures 
used if concrete of the specified quality is to be obtained. Since 
in actual work the aggregates already contain an appreciable 
quantity of water, this must be determined and deducted from 
the total water before the net amount to be added at the mixer 
is known. This information is obtained as necessary by deter- 
mining the moisture contents of the aggregates in the condition 
used. This test is usually confined to the fine aggregates, as the 
moisture contained in the average coarse aggregate is of such 
small amount as to be negligible. 2 

The proper ratio of fine to coarse aggregate is determined 
from the results of the mechanical analyses of these materials, 
the effort being made to use as high a percentage of coarse mate- 
rial as possible and still maintain a workable mixture. This 
varies with the richness of the mix, grading of the sand, consist- 
ency, character of the materials, methods of placing and class: 
of work. It must be arrived at, first, by judgment based on 
past performances, and settled finally by adjustment in the 
field. In the experimental work which forms the basis of this 
_ method of proportioning, a mixture of fine and coarse aggregate 
is used which will give concretes workable in small masses. 
This is usually a mixture of 2 parts fine aggregate to 3 parts 
coarse. The results obtained from such tests have been found to: 
apply satisfactorily to the less sanded field mixtures. 

It will be seen that while this method is general in its ap- 
plication, its use in any particular instance requires experimental 
information on the materials to be employed. In the case of 
small jobs, the cost of the investigations may be burdensome,. 
- but on jobs of a thousand cubic yards or more. its cost is but a 
- few cents a yard. The method requires skill in its application,. 


\ 
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but so too does that of Abrams and Edwards. In their present 
development none of these methods can safely be used except by 
men who appreciate their limitations. 

This method, while employing the unsatisfactory water- 
cement ratio strength relation, uses it in such a way as to minimize 
its shortcomings. The tests are made using a workable con- 
sistency with materials graded and combined closely as they 
will be actually used. In this way the variations in strength 
for any one value of water-cement ratio are reduced to a mini- 
mum. 

This method will be applicable to the smaller jobs when more 
experience has been gained in its use, so that the proper constants 
for different aggregates, for different gradings and for different 
cements can be determined with fair accuracy from mortar tests. 
This phase of the problem is being studied now, and there is 
every promise that some inexpensive test will be developed for 
this purpose. 

The Commission has used this method on three jobs. It 
was first applied in the construction of a small dam and power 
house at High Falls, Ontario, in the summer of 1919. Experience 
gained there led to the decision to use it on a larger job, and 
during last summer and fall some 36000 cu. yds. of concrete 
were proportioned thereby on a power development under con- 
struction on the Nipigon River, north of Lake Superior. Because 
of the results obtained there it was decided to apply it on still 
larger work, and in the next twelve months this method will 
be used to proportion nearly 600 000 cu. yds. of concrete of all 
classes on three different jobs now under construction by the 
Commission. 

At High Falls approximately 60 sets of test cylinders were 
made from concrete taken directly from the forms. These were 
stored in moist sand for two weeks, then packed in damp sawdust 
and shipped to the Commission's laboratories at Toronto for test. 
More test specimens were taken on this job than its size warranted 


because the method was new and under close observation and 


because the daily yardages poured were small. Table IV con- 
tains the results of the tests on these specimens. 


The materials used at High Falls were unscreened gravel 
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graded up to one snch and crushed rock screened free from dust. 
The quantities in Table IV are stated in terms of these materials, 
which accounts for the odd proportions used. 

The results obtained during September, October and No- 
vember were very satisfactory. The ultimate strengths obtained 


TABLE. lV. 


REPRESENTATIVE RESULTS OF FIELD TESTS OF CONCRETE, Hicu FALts POWER 
DEVELOPMENT, HyDRO-ELECTRIC PowER COMMISSION OF ONTARIO. 


Class A. 
Minimum Compressive Strength, 2 500 lbs. per sq. in. 
Maximum Water-Cement Ratio, 0.57- 


Water-Cement Compressive Strength 


Ratio by at 28 Days. 
Date. Proportions. Weight. Lbs. per Saq.In. 

Seni gl Osre <4 - I-3.3-3-4 0.45 3 338 
Septal Jas * = 2->- do. 0.43 3 730 
Septal a. - ose do. 0.43 4 060* 
Sept. 19-..----- I-3.0-3.2 0.43 3.965* 
Sept.d9-<--= 4+ I-3.0-3.4 0.43 She 
Sept. 10 -se-- I-3.3-3-5 0.47 2 780* 
Sepk2O.%.5°>-- do. 0.44 2 993* 
Septa 22 3,-4.7" do. 0.45 3 450 
Olin “os ouecere do ae 3475 
one berets ar I-3.0-3-4 0.52 2 920 
1S fan eet oe ease Oren do. 0.52 3 356 
INOwiLE4 aera | Kater 0.52 2175 
(Nimes Steno stan do. 0.52 1 950* 
NOVI 2Oae ae. or: do. 0.52 3, 185 
Nov. 2027:----- I-3.0-3.2 0.51 3445 
1920. 

Jane $29... 20° +: 1-2.7-2.2 0.56 2 019 
Jali. 29 6-0 -0- +: I-2.5-3-0 0.52 2 498 
ebunOccattee- I-2.5-2.0 0.52 I 742 
Feb. TO..2---°- I-2.6-2.0 0.54 2 190 
eb ee lie cise: I-3.0-2.4 0.57 1 966 
Bebeie nes dawn * 0.57 2 2807 
Hebiadi fees se I-2.6-2.0 0.52 2 470 
Rebs 1Saec == do. 0.52 2.3807 
IN EW ehee Ola Mercear I-2.6-1.4 0.52 2 380* 


Except where noted, results are average of tests on two specimens. 


* Test on single specimen. 
+ Average of tests on three specimens. 


Oct. 
Oct. 
Oct. 
Oct. 
Oct. 
Oct® 
Novy. 
Dec. 
Dec. 
Dec. 
Dec. 
Dec. 
Dec. 
Dec. 
1920. 
Jan. 
Jan. 
Jan. 
Jan. 
Jan. 
Feb. 
Apr. 
Apr. 
Apr. 
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ClassB- 


Minimum Compressive Strength, 2 000 lbs. per sq. in. 


Maximum Water-Cement Ratio, 0.64. 


Proportions. 
1-3.6-3.8 
do. 
r—3,0-Aeg 
I—3.0-3.6 
do. 
do. 
do. 
do. 
do. 
do. 
do. 
do. 
do. 
do. 


do. 

do. 
I-3-3-3-5 
i-4.60—3.0 
P3622.) 
I-3.4-3.6 
I-3.9-2.8 
3G 
I=3-0-1:6 


Water-Cement 
Ratio by 
Weight. 


0.64 
0.64 
0.64 
0.64 
0.64 
0.64 
0.59 
0.59 
0.59 
0.59 
0.59 
0.59 
0.59 
0.59 


0.64 
0.63 
0.64 
0.62 
0.62 
0.62 
0.59 
0.59 
0.59 


Compressive Strength 
at 28 Days. 
Lbs. per Sq. In. 


2 100 
1 785t 
I 815* 
I 963 
2 447 
2 785 
3 360 
1 856 
I 825 
2 034 
1 943 
I 868 
I 820 
2 100 


1 594* 
958 
I 068 
613 
I 132 
I 530 
I 750 
I go2t 
2 867T 


Except where noted, results are average of tests on two specimens. 


* Test on single specimen. 
+ Average of tests on three specimens. 
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Class C. 


Minimum Compressive Strength, 1 500 lbs. per sq. in. 
Maximum Water-Cement Ratio, 0.74. 


Water-Cement Compressive 
Date. Proportions. ee eee ee: In. 
1920. 
Repic20\ . shee >. I-4.5-2.4 0.74 I 068+ 
Hebe 23 ica. hae - do. 0.74 1 778t 
Mebiet2 35> aa ss I-4.3-3-2 0.76 1 335° 
iS ee hee sara I-4.5-3.6 0.74 2 025* 
BRebiwe5es..: I-4.5-2.4 0.74 1175 
Bebie2 5h os) ao I-4.0-2.1 0.74 p23 7) 
Prebc727 26e. n 2) I-2.0-3.9 0.74 I 726 
1 Ss ae Beene prec I-3.9-3.0 0.74 1-743 
MiaieAm neo do. 0.74 I 6717 
MareOre coast 2 I-3.6-1.9 0.74 I 4311 
Wikiice 100% e6 Giger I-3.9-2.0 0.74 me 7320 
Marwlie 425. do. 0.74 I 4937 
Wat 2A nm sa es do. 0.74 I 437 
LS eee do. 0.74 2 190 
LSD ee eo I-3.9-2.8 0.74 1 505{ 


Except where noted, results are average of tests on two specimens. 


* Test on single specimen. 
+ Average of tests on three specimens. 
t Average of tests on four specimens. 


during these months are considerably in excess of the minimum 
required, but this was due mainly to the use of a drier consistency 
than the proportions were designed for. It was considered 
inadvisable to take advantage of this and use leaner proportions, 
because of our inexperience with the method. 

After cold weather set in, a change was noticed in the test 
results, which began to drop below the expected values. The 
reason was sought, and the trouble was found to be in the samples. 
It was difficult to maintain their storage at proper temperature 
in the temporary buildings used for this purpose. It was im- 
possible to protect them from the cold in their long journey to 
Toronto. The result was that setting was retarded an indeter- 
minate amount with consequent decrease in strength. 

Experience at High Falls lead to the recommendation that a 
field laboratory be installed at Nipigon, and that a specialist 
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in concrete be used on this work for the inspection of materials 
and the supervision of the processes of concreting. 

A small laboratory was installed and was equipped with an 
inexpensive 100-ton hydraulic-type testing machine, sieves for 
the analysis of sand and stone, and miscellaneous apparatus for 
determining their weight per cubic foot, moisture content, 
cleanliness and freedom from organic impurities. A small 
building was erected to house the apparatus and for the storage 
of the concrete test specimens. 

An experienced concrete engineer from the Toronto Labo- 
ratories was assigned to the staff of the resident engineer. His 
duties covered supervision of the laboratory and inspection of 
both materials and operations. 

Inspection on this job was very thorough. The materials 
were not only tested but a watch was kept on the sand and gravel 
pits, washing plant, crusher and stock piles. The inspection of 
concreting included all details in connection with proportioning, 
mixing and placing. An effort was made to see that materials 
were accurately measured, that the batches were properly mixed 
and that the chuting plant was arranged so as not to interfere 
with the quality of the concrete delivered. Inspection was also 
maintained on the placing of concrete, spadding, laitance and 
removal of forms. 

"The same system of taking and curing test specimens was 
followed here as at High Falls. Eighty sets of 8 x 16 in. ¢ylinders, 
representing 36000 cu. yds., were made. One cylinder was 
broken at seven days, the other two at twenty-eight days. The 
seven-day tests were only possible because of the laboratory 
facilities provided at hand. They were chiefly valuable as 
indicative of quality and were of little use in determining the 
probable strength at the later age. 

Conditions at Nipigon made it more difficult to maintain 
the quality of the concrete there than at High Falls. Due to 
the cement situation last summer it was necessary to obtain 
supplies from six different mills. Sand was obtained from two 
different sources, a gravel pit and a sand pit. The pit sand was 
fine and micaceous and required more cement than a better 
graded sand. The gravel screenings were dirty and required 
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washing. When available it was mixed with the pit sand to 
improve the grading of the latter. The variations in the ma- 
terials were great, were difficult to anticipate and compensate 
for, and added materially to the problem of proportioning the 
mixtures accurately. 

The tests made to date at Nipigon have been tabulated in 
Table V. For the first five months the results obtained were 
better than at High-Falls. During the last two months, October 
and November, they were less satisfactory. The cooler weather 
may have been in part to blame for this, but only in part, as the 
samples were protected as far as possible from low temperatures. 
The work was a rush job, and toward the last the concreting was 
pushed to the utmost with consequent loss in efficiency, making 
inspection more difficult. The result was inevitable, — the 
quality of the concrete suffered. 

Concrete is now being placed on the Niagara Power Develop- 
ment of the Commission under the same method. A complete 
field laboratory is being installed, as at Nipigon; a concrete 
engineer has been assigned to the supervision of the inspection 
and testing of the concrete. This will be very thorough and 
will necessitate a large organization. Five hundred thousand 
cubic yards of concrete of all classes is to be placed on this 
job in the next twelve months. Some has already been placed 
and the results obtained to date have been very satisfactory. 

At High Falls about 70 per cent. of the sets averaged better 
than 200 lbs. per sq. in. under the design strength. At Nipigon, 
if all the tests are included, 60 per cent. come in this class. If 
the results of the last two months, which are not a fair indication 
of what can be done under normal conditions, are included, 
approximately 80 per cent. are in this category. At Niagara 
Falls somewhat better results are being obtained. 

In general we are well satisfied with this method of propor- 
tioning. While one hundred per cent. control has not been 


obtained, our experience has indicated the paths that lead toward 


this goal. The method will design concrete mixtures of given 
strength and consistency, but present practice in measuring 
materials before: mixing allow such variations in the sand and 
stone content.of a batch that any attempt to be precise in deter- 
mining the proper proportions are rendered abortive thereby. 
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Date. 
June 
June 
June 
June 
June 
June 
July 
Aug. 
Aug. 
Aug. 
Aug. 
Aug. 
Aug. 
Sept. 
Sept. 
Sept. 
Sept. 
Sept. 
Sept. 
Sept. 
Sept. 
Sept. 
Sept. 
Sept. 
Oct. 
Oct. 
Oct. 
Oct. 
Oct. 
Oct. 
Nov. 
Novy. 
Nov. 
Noy. 
Nov. 
Nov. 
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TABLE V: 


REPRESENTATIVE RESULTS OF FIELD TESTS OF CONCRETE, NIPIGON POWER 
DEVELOPMENT, HypRo-ELECTRIC POWER COMMISSION OF ONTARIO. 


Class A. 


Minimum Compressive Strength, 2 500 lbs. per sq. in. 
Maximum Water-Cement Ratio, 0.60. 
Ultimate Strength at 28 Days.. 


Proportions. 
Se om conaiate ets I—2.5-3.0 
Otro ee ear TaEO—or2 
LT sara It. 3 2 
TOs eae ee Ll fos =8 
27k eae ae 12 ALO 
BOW eee I-2.0-3.9 
Pe Tere 12.134 
Ee ened tae I-2.2-3.7 
Cee ro oobi do. 
Ge Re I-2.7-4.0 
LA cee aah eee I—7.0—5.5 
IO Woh eas I=2.3-3.7 
2 Oaks Eee do, 
DREGE AMs Bie to te 2226 
A in oe ee do. 
S.caien oe earn do. 
ON eau cemec do. 
ie Ene ered tec: do. 
ES ae eee do. 
LOtne eee do. 
MU neee & pepo I=2.2-3.9 
2A ahs eae do. 
oy pele | Ee an aA do. 
KORO were et do. 
Spare erorate do. 
Bis, Mee areata do. 
Beaute tne tetera I-1.6-2.5 
TOW laceneee I-1.9-5.4 
7 een Hepa oo! do. 
RW roe aerator cone I-2.2=4.0 
Bic tay ee Ree I-1.9-3.4 
Gidea core tas tee do. 
Ve On eS do. 
Sees oy noe do. 
Qunuminuseee ae do. 
15 ae eer do. 


Water-Cement 


Ratio. Lbs. per Sq. In. 
Weight. 7-Day. 28-Day. 
0.54 2 330T 
0.55 2 660F 
0.54 sie. 3 360 
0.54 2 360 3415 
0.57 2 190 3 288: 
0.57 2 740 3 238 
0.57 2 181 3 050: 
0.56 I 509 2 982 
0.56 2 281 2 902 
0.60 2 790 2 820: 
0.61 I 990 2 821 
0.59 1125 3 505 
0.58 1535 2225 
0.57 L220* 2 5255 
0.57 I 194 2 352 
0.59 I 235 2 396 
0.59 I 390 2 625 
0.58 I 203* 2 468 
0.58 I 280 2 465 
0.58 Tats 2 085 
0.60 634 2 535 
0.60 927* 2 425 
0.60 905 745 
0.60 MVE te 2 363 
0.60 7 1 826 
0.60 630 I 343 
0.57 951 2 240 
0.54 E9717 2 271f 
0.55 792 I 470 
0.58 835 I 290 
0.56 I 275 I 762 
0.56 - 1268 2217 
0.58 g16 I 141 
0.60 951 1232s 
0.56 795 I 256 
0.56 986 I 602 


Except where noted, 7-day results are single test specimens; 28-day 
results are average of two test specimens. 


* Average of tests on two specimens, 


t Average of tests on three specimens, 
t Average of tests on four specimens. 


- 


Nov. 
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Class B. 


Minimum Compressive Strength, 2 000 lbs. per sq. in. 
Maximum Water-Cement Ratio, 0.68. 


Proportions. 
ey ere eae I-2.5-4.5 
=D Bra ieee Shen do. 
BO cern ees I=2.0-3.1 
od gaa e te Lyre: wee do. 

Ore whode ssa: 1—2-5-3-7 
LE gag eas: 
1 i eee I—2.3-3.3 
DOG rae _ do. 
ly eer eee I-2.6-4.6 
Day Meee do. 
ob | iat ae do. 
ifs ts ia Se ata a do. 
Dy hy eeepc ee = I-2.2-3.9 
oe Ae on eae I—2.6-4.6 
rete rsuct cree 1-2.3-3.8 
Lt Aare ee do. 
OM iirretne aah do. 
DA eee Agere As I-2.6-4.6 
LUSK ee I-2.2-4.0 
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Water-Cement Ultimate Strength at 28 Days. 
i Lbs. per Sq. In. 


Ratio. 
Weight. 


0.60 
0.60 
0.55 


0.55 
0.60 


0.60 
0.60 
0.60 
0.64 
0.68 
0.67 
0.64 
0.64 
0.68 
0.66 
0.66 
0.66 
0.67 
0.66 


7-Day. 


I 314 
I 512 
961 
I 395 
(5) 
835 
I 354 
I 030 
1025 
I 103 
712 
631 
494 
710 


28-Day. 
2 535t 
2 560f 
2 460F 
2 4307 
2 I10§ 
2 270 
2 937 
2 032 
2 605 
2 180 
I 365 
2 060 
I 683 
I 817 
2 220 
2 297 
I 640 
I 379 
I 397 


Except where noted, 7-day results are single test specimens; 28-day 


+ Average of tests on three specimens. 


results are average of two test specimens. 


§ Test on single specimen. 


104 BOSTON SOCIETY OF CIVIL ENGINEERS. 


ClassaG- 


Minimum Compressive Strength, 1 500 Ibs. per sq. in. 
Maximum Water-Cement Ratio, 0.81. 


Water-Cement ee ee at 28 Days. 


Ratio. Lbs. per Sq. In. 
Date. Proportions. Weight. 7-Day. 28-Day. 
Nay 032 eee er I-2.3-4 0.56 tse I 6407 
[unen Ag teern seas os I-2.5-4.5 0.72 eee 1 8357 
NfGb aves AICS See Re = Soe I—3.0—5.0 0.7 I 300 2125 
JINeZZO Nese do. 0.80 I 310 2 090 
ulyae7eecess ree I-3.2-4.5 0.80 I 110 2 592 
July Sees ec I-3.0-5.4 6.80 395 I 430 
sJnahynt2 ON ee rnen cr rae I-3.3-5-5 0.80 I 680 1 927 
ialypg8 3 Oh oe rept ee do. 0.75 I 062 I 630 
Atul ery oe iletracie ack do. 0.79 1 180 2 335 
TANI gi T O's aera I-2.9-5.0 0.77 I 390 2 062 
AIG Rak Oe ae de eee 13.3525 0.77 I 260 2 752 
ATG eee T=216—5.5 0.71 1 180 2125 
AU SEAS Dees eres I-3.3-5.5 0.80 I 100 2 022 
PAU OR Ain ee ee do. 0.80 398 I 437 
Octet Deters eae I-2.6-4.6 0.77 807 I 895 


Except where noted, 7-day results are single test specimens; 28-day 
results are average of two test specimens. - 


+ Average of tests on three specimens. 


Probably few realize the inaccuracies of our present volu- 
metric methods of measuring aggregates. A 2 per cent. change 
in moisture content of a sand may cause a 15 per cent. difference 
in the actual quantity per unit volume. In the average measur- 
ing hopper a I-in. variation in the measurement of the fine 
aggregate will make a 10 per cent. difference in the volume in a 
batch, 

Our experience has shown that most of the trouble with 
consistency — the occasional dry and wet batches — are directly 
traceable to variations in measurement. These variations are 
in turn the cause of much low-testing concrete because of the 
tendency for the workman after a dry batch or batches to increase 
the quantity of water in the mix. The most careful and con- 
tinuous inspection will not prevent this, and even if the accidental 
variations of measurement were eliminated, those due to moisture 
changes are alone sufficient to cause appreciable errors. 
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Probably the greatest single improvement that can be made 
in our best concrete practice, which it is assumed does not permit 
thé use of excess water and recognizes the need of proper inspec- 
tion, is not the use of any new method of proportioning but the 
use of weight measurement of aggregates — particularly sand — 
in place of the present system of measuring aggregates by volume. 
This may seem a radical statement but the experience of the 
Commission fully justified it. 

The idea that concrete is a material that can be made by 
anybody is one of the most pernicious errors existing among 
engineers. Our method of proportioning is only one part of our 
system of insuring good concrete, which begins with preliminary 
investigations of available aggregates, includes studies of their 
concrete-making properties, continues during construction in 
rigid inspection and testing of all materials and of every step 
through which these materials pass before their final deposition 
in the finished structure, and ends only when the forms are 
removed and the concrete is ready for service. 

The best inspection can only be had by employing men 
who are conversant with both the theoretical and practical 
phases of their work. With concrete becoming of such impor- 
tance and of such wide application, there is no excuse for employ- 
ing men of less ability, and the additional cost of their service 
will be offset by the economies they are able to effect and the 
quality of the work obtained. 

Many will question the economy of going to the refinements 
here recommended except on the very largest jobs. We question 
their position. The advantages of uniform concrete are obvious. 
If concrete of uniform quality can be continuously guaranteed by 
the maker, the present high factors of safety can be reduced. 
Either less concrete will then be required or concrete of a lower 
grade can be used. In addition, economies due to the use of 
less cement for given results are possible under close control. 
On any but the smallest jobs the advantages obtained will justify 


the cost. 
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DISCUSSION. 


L. N. Epwarps.*—I appreciate your courtesy in calling upon 
me to discuss the paper read by Mr. Young, but on account of 
the lateness of the hour I shall refrain from entering into a 
lengthly discussion. I desire, however, to call attention to a 
few phases of the surface-area method of proportioning mortars 
and concretes, which appear to me to have been but lightly 
touched upon. 

Speaking generally, seventy-five to eighty-five per cent. 
of the total volume of a concrete is made up of sand and stone 
aggregates. The strength, hardness, toughness and other 
physical properties of these aggregates are, therefore, most 
vital factors in the production of reliable concrete construction 
work. The extent to which the physical properties of the parent 
rock remain unchanged in our sands and gravels depends very 
largely upon the agencies by which these aggregates have been 
produced. Naturally enough, the sands and gravels produced 
by the crushing and abrasive action of the glaciers of the Ice or 
Glacial Age have undergone less change than have those produced 


* State Highway Commission, Augusta, Me. 
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by the weathering, decomposing, and disintegrating agencies 
of all ages. Very briefly, the basic conditions affecting the reli- 
ability of our sands and gravels are: 

1. The physical properties of the parent rock. 

2. The conditions attending the disintegration of the rock 
mass. 

The surface-area method of proportioning produces, I 
believe, a practicable means of discovering the mortar and 
concrete-making qualities of sands and of gravels by which we 
may learn the strength, hardness and other desirable qualities 
procurable from their use, with the most eeonomical proportion- 
ing of the cement content. 

In general, the strengths of concretes are primarily dependent 
upon the strengths of their mortar contents. The strength of 
the stone aggregate becomes a dominating factor when its 
strength is less than the strength of the mortar surrounding it 
in the concrete mass. The fact that the fractured surface of a 
concrete shows the particles of stone aggregate (particles of 
gravel or of broken stone, as the case may be) broken through 
does not necessarily indicate that practically the same strength 
could not have been secured with a less cement content, other 
conditions being equal. 

The increasing use of concrete as a structural material and 
the fact that this use is distributed throughout the entire area of 
practically every state in the Union would seem to indicate the 
importance of the making of a general survey of the concrete 
materials to be found in any given state and the development of 
information relating to their concrete-making qualities. I 
believe you will agree with me that a survey of this kind, under- 
taken even at a comparatively small expense per annum, would 
provide in a comparatively small number of years the information 
necessary for charting the locality of available concrete materials 


and the tabulation of important information concerning them. 


Doubtless the information thus made available would ultimately 
result in an economy in the use of cement. However, the securing 
of structures fulfilling the requirements of their design is a 


matter of special importance to us as engineers. 
In connection with the bulking effect of moisture in sands 
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there exists an interesting detail which is of no special value in 
so far as concrete making is concerned. In a series of tests 
made in 1917,* I found that when the moisture content is 
sufficient to produce a flooded condition of the sand, the volume 
becomes the same as the original volume of dry sand. In no 
case did I find that the water had the effect of producing a 
decrease of this volume. 


* Proceedings Am. Soc, for Test. Mats., Vol. XXVIII, Part II, page 235. 
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SEVERAL YEARS’ EXPERIMENTS ON THE DISPOSAL 
OF WORCESTER SEWAGE. 


By Roy S. LANPHEAR.* 


(Presented before the Sanitary Section, February 2, 1921.) 


THE chemical precipitation plant for treatment of Worces- 
ter sewage was placed in operation March 25, 1890. Experi- 
mental treatment of sewage on a large scale commenced in 1900, 
when settled sewage, chemical precipitation effluent and septic 
tank effluent were run on to sand filters which had been recently 
constructed. Two years later, filtration of septic tank effluent 
was abandoned because finely divided suspended matters pene- 
trated the surface of the filters and required frequent removal 
of large quantities of dirty sand. Settled sewage from the 
chemical precipitation basins gave similar results of operation. 
Chemical precipitation effluent also carried finely divided solids 
on to the sand filters and the precipitation of lime resulted in 
the formation of a hard crust of the top sand. The rate of fil- 
tration of chemical precipitation effluent decreased more than 
50 per cent. in five years, and it was necessary to remove as much 
as 4 ins. of material in a single cleaning in order to regain the 
original rate of filtration. 

Late in 1904, facilities were provided for delivering crude 
sewage directly to the sand filters, which method of operation 
continued until ‘September, 1908. Change was then made to 


* Supervising Chemist, Worcester Sewer Department, Worcester, Mass. 
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the present method of passing the sewage through one or two 
settling basins which afford a short detention period of about 
twenty minutes. This change was made to relieve the over- 
loading of the sand filters with scum close to the distributors. 
The disposal of suspended solids as sludge by pumping is much 
cheaper than the removal from the filters, and the short deten- 
tion period of the sewage removes only the heavier and coarser 
suspended solids. 

Experimental sewage treatment plant operation commenced 
in 1905, when septic tank effluent and settled sewage were put 
on to contact filters; two primary beds and one secondary bed, 
each about I 200 sq. ft. in area, were filled with 40 ins. of depth 
of crushed stone, 2 to 23 ins. in size. The results of operation 
were unsatisfactory with each influent; a rate of 500 000 gals. 
per acre daily gave a putrescible effluent much of the time, and 
the loss of capacity of the beds in a single year was I2 per cent., 
4 per cent. during the first six months and 8 per cent. during the 
second six months. 

In 1906, the depth of the primary beds was increased, the 
stone removed, and they were used as septic tanks for one year, 
when one tank was operated as a settling tank for septic tank 
effluent, all as preliminary treatment for trickling filters of 5 
and 73 ft. in depth.. Two years later, preliminary treatment 
was changed to plain sedimentation of sewage, and in I9gII 
chemical precipitation effluent was applied to the shallow filter. 
Much valuable data was obtained, but the principal results may 
be stated as follows: 

1. The deeper filters gave the better effluent. 

2. Purification was better with septic tank effluent than 
with settled sewage because ferrous iron of the sewage was re- 
moved to some extent in the septic tank by precipitation as 
sulphide of iron. 

3. The odors accompanying filtration of septic tank effluent 
were very objectionable. 

4. Chemical precipitation effluent was filtered at a rate of 
I 000 000 gals. per acre daily, and settled sewage at ee 000 
gals. per acre daily with equally good results. 

5. The cost of chemical precipitation eliminated the con- 
sideration of this process as preliminary treatment. 
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In ro11, an Imhoff tank and two trickling filters were 
placed in operation, each filter being 10 ft. deep, one with crushed 
stone 3 to 23 ins. and the other 3 to 14 ins. in size. This plant 
was operated successfully for two years, the rate of filtration 
during the second year being 2 million gallons per acre daily. 
The filter of coarser stone did not yield quite as good an effluent 
as the other, but caused much less trouble with surface pooling 
of water. Its effluent was non-putrescible during warm weather, 
and during the winter about 75 per cent. of the samples tested 
were non-putrescible. 

It was appreciated that chemical precipitation of sewage 
was inefficient and costly, and in 1916 the superintendent of 
sewers recommended the change to an Imhoff tank-trickling 
filter sewage disposal plant. The construction of sand filters 
was discontinued in 1910, when the supply of sand became de- 
pleted. About the time of this recommendation, the State 
Department of Health started considerable agitation for a new 
sewage treatment plant of the type recommended. 

Early in 1917, in keeping with the policy of the Worcester 
Sewer Department to test out every method of sewage treatment 
that gave promise of success, an experimental plant using the 
activated sludge process was constructed and placed in operation. 
This plant was operated for thirteen months, at the end of which 
time the supervising chemist was called to military service. 
During the operation of the plant, difficulty was experienced in 
obtaining and holding a sufficient number of qualified assistants. 
Consequently the report upon the operation of the plant was not 
ready to submit to the superintendent of sewers until November, 
1919. This report indicated that the air requirements of Wor- 
cester sewage treated by the activated sludge process were large 
and that disposal of the sludge presented a serious problem. 

On May 9, 1919, six months before this report was available, 
the state legislature, at the instigation of the State Department 
of Health, passed an Act requiring the city of Worcester to start 
work on a new sewage disposal plant before October I, 1919, 
and to place the plant in operation by April 1, 1924. With no 
opportunity for the consideration of possible need of further 
experimentation, the Superintendent of Sewers again recom- 
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mended that the Imhoff tank-trickling filter process of sewage 
treatment be adopted, and the State Department of Health 
approved the same and the proposed location of the plant. 
The site of this plant is being cleared and the outfall sewer is 
being extended to the new plant. 


EXPERIMENTAL ACTIVATED SLUDGE PLANT. 


Description. — The experimental activated sludge plant 
consisted of a bar screen, grit chamber, sewage aération tank, 
sludge re-aération tank, sedimentation tank, sludge concentra- 
tion tank and a shallow tank used for sludge concentration ex- 
periments and for measuring excess sludge previous to disposal. 

Sewage was taken-from the outlet of the main grit cham- 
bers in a 6-in. pipe line to the screen chamber, where it passed 
through the screen with 3-in. openings between the bars. It 
then passed in a trough, by a swivel gate, where excess quanti- 
ties of sewage were wasted, to a grit chamber, 72 x 10 x 8 ins. 
deep, formed by a depressed section of the trough bottom. 
The sewage flow was measured by a weir and hook-gage and 
then continued in the trough to the sewage aération tank, the 
returned sludge entering this trough close to the tank. 

The sewage aération tank was constructed of wood and had 
a concrete bottom; it was 26 ft. long, 14 ft. wide and Io ft. 
deep, — water depth,—and had a capacity of 25 283 gals. 
The tank was divided into three channels, giving the sewage a 
travel of nearly 80 ft. The bottom of the tank was of saw-tooth 
construction, rows of four filtros plates, Grade ‘‘S,” being 
placed 45 ins., center to center, giving a ratio of tank surface to 
working plate area of 5.2 to 1. Concrete blocks were placed 
between the rows of plates and had slopes of 1.5 on 1. Com- 
pressed air was delivered by a 4-in. header to’ three 23-in. pipes, 
one for each channel. Each set of filtros plates was supplied 
with air by a I-in. pipe which entered a chamber under the 
plates made by using a form when putting in the concrete bot- 
tom. Each of these pipes had a valve near the top whereby the 
quantity of air passing to each set of plates could be regulated, 
but much care had to be exercised in their use in order to avoid 
trouble. 
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This method of installing the filtros plates proved very suc- 
cessful, and it is noted that the general use of metal holders is 
being abandoned. Filtros plates proved satisfactory for the 
diffusion of air into the sewage and sludge; brushing of the 
plates was done once, and apparently did no good. Each I-in. 
pipe was fitted with a union so that perforated pipe distributors 
could be substituted for the filtros plates, but results of operation 
did not warrant such a change during the second summer. No 
baffles were used in either aération tank, but such installation in 
the sewage aération tank had been considered. 

The effluent from the sewage aération tank passed ina 
trough to a point above the center of the sedimentation tank 
and was measured by a weir and hook-gage. The inlet to the 
sedimentation tank was a box of increasing area of cross-section 
which extended down into the tank about 8 ft. This tank was 
of the Dortmund type, 14 ft. in diameter and 9.6 ft. deep, 
- circular section, with a conical bottom, 9 ft. deep, having a 
slope of 1.5 on 1.0. The capacity of the upper section was 
-11 058 gals., and of the conical bottom, 4017 gals. During 
- operation, the conical bottom was usually kept filled with sludge 
to aid in returning sludge to the sewage which had sufficient 
and uniform density. The sludge did not slide down this slope 
readily, and a squeegee was used daily. The effluent was col- 
lected in a circumferential trough and the sludge settling to the 
bottom of the tank was raised by air lift and delivered in a 
trough, containing swivel gates, to the sewage or sludge aération 
tanks or to either of the sludge tanks. 

The sludge, with or without re-aération, was returned to the 
sewage in a trough previously mentioned, and was measured as 
the difference of the combined sewage and sludge and the sewage 
flows. The sludge re-aération tank was 12 ft. long, 5 ft. 4 ins. 
wide and 10 ft. deep, and had a capacity of 4 386 gals. Its con- 
struction was similar to that of the sewage aération tank and the 
ratio of tank surface to air diffuser area was 4.76 to I.0. 

The equipment for furnishing compressed air included two 
10 h.p. single-phase motors, belt-connected to two No. 2 Nash 
hydroturbine compressors or blowers. The air passed through 
cheesecloth screens and was washed with water in the compres- 
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sors. Air used for aération of sewage and of sludge was measured 
by Venturi meters connected to graduated manometer tubes, 
and that for the air lift, by a Westinghouse No. 12 gas meter. A 
pressure gage, thermometer and a waste valve were suitably 
installed in connection with a storage tank placed between the 
compressors and the separate air supply mains. The quantity 
of air used was regulated by adjusting the valves on each supply 
main and the waste valve. On this account, together with 
interruptions of operation and the operation of one or both 
compressors, the pressure data are inconsistent. The average 
pressure increased from 5} lbs. to about 63 to 6% Ibs. in the 
winter, and during the second summer dropped to from 53 to 6 
lbs., indicating the probability of slight clogging of the filtros 
plates. The higher pressures of winter may be explained in 
part by interruptions of operation and by the probable increased 
friction in the air distribution system due to condensation. The 
air distribution pipes were protected from the winter tempera- 
tures by covering with felt and boxing them in. 

Operation. — From 125 000 to 165 000 gals. of sewage were 
screened daily, the screen raked once an hour, and an average 
quantity of 11.4 cu. ft. of screenings removed per million gallons 
of sewage screened. Fine screening is apparently not necessary 
for successful operation, but might result in the reduction of the 
quantity of air required. On account of the large oxygen re- 
quirement of Worcester sewage, due to the presence of large 
quantities of trade-wastes, the reduction would be relatively 
small. According to Mr. Hatton, of Milwaukee, fine screening 
of sewage in this process of treatment should not be carried too. 
far because the resulting activated sludge is difficult to de-water. 

The results of operation of the small grit chamber indicate 
that the treatment of combined sewage by the activated sludge 
process requires careful design and operation of the grit chambers. | 

Careful records were kept of all temperatures of operation, 
and it may be stated that winter operation of the activated sludge 
process in New England climate is generally possible. For a 
period of six weeks, the average maximum temperature of the 
air was below 32 degrees Fahr., and the average minimum 
below 10 degrees Fahr.; during the first week, the maximum 
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daily temperature varied from 4 degrees to 18 degrees Fahr., 
and the minimum from —16 degrees Fahr. to —2 degrees Fahr. 
The results of operation during this period of six weeks were good. 
The quantity of sludge returned to the sewage was regu- 
lated according to the results of a thirty-minute settling test of 
the effuent from the sewage aération tank, the test being made 
by reading the volume of settled sludge in a 500 c.c. graduated 
cylinder. Activated sludge in proper condition settlés rapidly 
in this thirty-minutes settling test and after ten minutes will be 
only about 50 per cent. greater in volume than at the end of the 
test, and during the last twenty minutes, it settles as a mass or 
compacts. Variation of density of the sludge and its effect 
upon the bulk of solids or flocculent sludge necessary for clarifi- 
cation of the sewage are offset by maintaining a uniform per- 
centage of sludge according to this test. Excessive quantities 
of sludge without sufficient solids always produced an unsatis- 
factory effluent having a yellow or brown color, while in what 
might be termed successful operation the supernatant water 
above the settled sludge had very little turbidity and was color- 
less. At times, this supernatant water was as clear as spring 
water within a few minutes after the collection of the sample. 
This settling test was an excellent indicator of the character of 
the sludge and the effect of the quantity returned to the sewage. 
The percentage of solids in the settled sludge in this test was 
generally greater in the effluent than in the influent, the maxi- 
mum differences, about 0.2 per cent., occurring when the greater 
quantities of air and longer periods of aération were used. 
Comparison of results of this thirty-minutes settling test 
made at the inlet and outlet ends of the sewage aération tank 
showed a variation of not more than 0.2 per cent. of sludge. 
Apparently, precipitation of iron is rapid or aération of sludge 
in this tank results in a better settling sludge, and the precipt- 
tated iron and suspended solids from the sewage cause no marked 
difference in the results of the test. 
Foaming occurred in the sludge re-aération tank during the 
first ten days of operation, and it was necessary to raise the tank 
walls 9 ins. and cover the tank with chicken-wire to prevent the 
foam going over the walls. Foaming occurred at other times, 
usually with the aération of activated sludge of poor quality. 
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The character of the re-aérated sludge could be observed 
quickly by putting a small quantity into some water contained 
in a glass cylinder. A thirty-minutes settling test of the re- 
aérated sludge usually gave a percentage of sludge of from 96 
to 98; the specific gravity and per cent. solids of the settled 
sludge varied from 1.010 to 1.015 and from 1.00 to 3.40, respec- 
tively, the heavier sludge occurring in the summer season with 
the use of the larger quantities of air. The water above the 
settled sludge always had a yellow color, the intensity varying 
with the color of the sludge. ~The odor of the re-aérated sludge 
was generally characterized as a combination of musty, earthy 
and wormy. 

Analyses of the air after use in the aération tanks showed 
that oxygen was removed and carbon dioxide formed, about 2.1 
and 4.3 per cent. in the sewage and sludge aération tank, respec- 
tively. A small amount of methane and heavy hydrocarbons 
was also formed. 

The sedimentation period of the aérated sewage and sludge, 
based on the cylindrical portion of the sedimentation tank, varied 
from 1.6 to 2.9 hrs., which is much longer than is generally con- 
sidered necessary. This period can probably be shortened, but 
provision should be made for the continuous removal of rea- 
sonably dense sludge, as experience has demonstrated that the 
return of large volumes of thin sludge to the sewage aération 
tank is undesirable. It will also be necessary to arrange for the 
removal of unsightly grease balls and scum from the water in 
the sedimentation tank. 

Quality of Final Effiuent.— The rates of operation will be 
considered in the next paragraph. Chemical analyses of sewage 
and final effluent showed a general lack of reduction of free 
ammonia, considerable reduction of albuminoid ammonia and 
oxygen consumed, from 85 to 95 per cent. removal of suspended 
solids, about 90 per cent. removal of iron, and an entire absence 
of nitrification of the effluent. Clarification was generally ex- 
cellent and in the absence of nitrification exerted considerable 
influence upon the stability of the effluent. The dissolved oxy- 
gen content of the effluent usually averaged from 20 to 30 per 
cent. of saturation, but many times was zero in the afternoon. 
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In general, effluents having less than 0.2 part of total 
albuminoid ammonia, about 0.05 part per 100 000 of suspended 
albuminoid ammonia and less than 3.0 parts per 100000 of 
suspended solids were of good appearance, but the stability was 
variable, being influenced by the actual content of organic mat- 
ter and suspended solids. The effluent usually contained from 
50 000 to 350000 bacteria per c.c. according to the quality, a 
maximum reduction of 97.5 per cent. being obtained when the 
maximum quantities of air and periods of aération were used. 

Results of Sewage Treatment.— From 75000 to 125 000 
gals. of sewage were treated daily, using from 2 to 5 cu. Ltr 
free air per gallon and periods of aération of sewage from 3.8 
to 6.2 hrs. and of sludge, with the exception of one period of six 
weeks, from 2.8 to 6.5 hrs. The size and character of the plant 
confined the operating schedule within certain limits in order to 
obtain accurate records; changes would have been advisable if 
the operation had not been interrupted. 

1. A total quantity of 1.75 cu. ft. of free air per gallon of 
sewage, together with 3.8 hrs.’ aération of the sewage and 3.1 
hrs.’ re-aération of the sludge, using 31 per cent. returned sludge, 
did not remove the color of the trade wastes from average sewage. 

2. A total quantity of 2.16 cu. ft. of free air per gallon of 
sewage, together with 5.3 hrs.’ aération of the sewage and 5.3 
hrs.’ re-aération of the sludge, using 21 per cent. returned sludge 
and treating weak sewage, gave an effluent having an average 
stability of about 90 per cent. 

3. A total quantity of 1.99 cu. ft. of free air per gallon of 
sewage, 4.3 hrs.’ aération of the sewage and no re-aération of the 
sludge, using 18 per cent. returned sludge and treating very weak 
sewage, gave an effluent having an average stability of about 60 
per cent., but of good chemical quality. 

These three statements practically define the treatment of 
weak Worcester sewage according to the degree of stability de- 

sired. Three or four days’ stability of the effluent can be ob- 
tained without re-aération of the sludge, when using at least 
2 cu. ft. of free air, from 4 to § hrs.’ aération of the sewage and 
about 20 per cent. returned sludge. 

4. A total quantity of from 3.3 to 3.6 cu. ft. of free air per 
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gallon of sewage, 6.3 to 6.5 hrs.’ aération of the sewage and 
5.0 to 6.5 hrs.’ re-aération of the sludge, using about 25 per cent. 
returned sludge and treating fairly strong sewage, gave an effluent 
having an average stability of about 90 per cent. This result 
did not always obtain, and the variation or inconsistency is 
attributed to the character of the sewage. 

5. A total quantity of 4.95 cu. ft. of free air per gallon of 
sewage, 6.3 hrs.’ aération of the sewage and 5.1 hrs.’ re-aération 
of the sludge, using 27 per cent. returned sludge and treating 
hardly average sewage, gave an effluent having perfect stability. 

6. The results indicate, but with considerable uncertainty on 
account of the inability to duplicate, that a total quantity of 
about 4 cu. ft. of free air per gallon of sewage, 6 hrs.’ aération of 
the sewage and 6 hrs.” re-aération of the sludge, using about 25 
per cent. returned sludge and treating average to strong sewage, 
should give a final effluent of good chemical quality and having a 
stability of from 75 to 90 per cent. 

7. Elimination of re-aération of sludge while treating average 
to strong sewage was not attempted on account of the poor results 
of the second summer and the interruption of operation of the 
plant. 

Summary of Sewage Treatment.— Worcester sewage con- 
tains much trade wastes of such varying character and quantity 
that nitrification did not take place with the quantities of air 
and periods of aération used in the operation of the experimental 
activated sludge plant. A stable effluent was obtained by the 
reduction of the organic content of the sewage. Lack of nitrifi- 
cation and low dissolved oxygen content of the effluent furnished 
no factor of safety or stability, such as is usually present in 
effluents from biological processes of treatment; consequently, 
sewage of greatly varying character was not uniformly well 
treated. Increased quantities of air and periods of aération 
would probably overcome the sensitive character of the activated 
sludge process in treating Worcester sewage and give uniformly 
good results with apparently similar conditions of treatment. 

Comparison of Effluents. Activated Sludge and I mhoff Tank- 
Trickling Filter Methods of Sewage Treatment.—It has been 
stated that the activated sludge effluent was generally clear, 
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colorless and of good chemical quality but lacked stability. 
Treating stronger sewage and operating at a rate of 2 000 000 
gals. per acre filter daily, the Imhoff tank-trickling filter experi- 
mental plant gave an effluent which was generally slightly 
turbid, slightly colored at times, of greater organic content, but 
contained about 0.5 part per 100 000 of nitrogen as nitrates, and 
was perfectly stable during the warm weather, and 75 per cent. 
of the samples were non-putrescible during the winter season. 

Activated Sludge. — The satisfactory treatment of sewage is 
usually considered a prerequisite to investigation of methods of 
sludge disposal, but the extremely large quantity and unusual 
character of activated sludge produced presented a problem 
which was of much interest. Activated sludge is flocculent, 
settles rapidly and has a brown color, the particular shade of 
which is very variable and apparently due to changes in the 
character of the sludge. A very dark brown color and loss of 
flocculent character indicated insufficient aération, and a very 
light brown color and a change from flocculent condition to 
finely divided solids indicated over-aération. The odor of good 
activated sludge was generally characterized as earthy, and when 
not so good its odor resembled that of decaying angleworms, 
similar to that of sludge from final settling basins following 
trickling filters. 

Sludge Production. — The quantity of activated sludge pro- 
duced per million gallons of sewage varied from 12 000 gals. in 
summer to 25 000 gals. in winter; both quantities are much 
greater than have been produced by any other process of treat- 
ment of Worcester sewage. The sludge contained from 97.1 to 
98.7 per cent. moisture, the denser sludge being obtained in the 
summer. The dried sludge contained from 50 to 70 per cent. 
of organic matter, from 8.5 to 18 per cent. of iron, from 2 to 9 
per cent. of fats, and from 4.0 to 6.5 per cent. of nitrogen. Wor- 
cester activated sludge was as dense as that which has been 
obtained elsewhere, and indicates that it will be difficult to ob- 
tain activated sludge, without concentration, having less than 
97 per cent. moisture. : 

Air Drying of Sludge. — The greater part of the sludge was 
dried upon sand beds; this method of disposal is impractical on 
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account of being unable to dose the beds to a depth greater than 
4 or 5 ins. If more than this quantity was applied, the sludge 
settled rapidly and water remained on top, which had to evapo- 
rate before actual drying commenced. The dose had to be of 
such size that the bulk of the water drained away during appli- 
cation to the bed; cracking of dried sludge commenced after 
twenty-four hours, and removal was possible twenty-four hours 
later. The usual dose was from 2.0 to 2.5 gals. per square foot 
of drying bed area. Concentration of sludge improved results 
very slightly. 

Concentration of Sludge.—The first step in disposing of 
activated sludge on a large scale would be coricentration, in order 
to decrease the volume to be handled. Concentration experi- 
ments were made in two tanks, one of which was 14 ft. in diam- 
eter,6 {t.deep and held 2 000 gals. ; the other was 3 ft. in diameter, 
183 ft. deep and held 650 gals. Heavier sludge could be drawn 
from the bottom of the deep tank if extremely long periods of 
concentration were used, but in no instance was sludge obtained 
containing less than 95 per cent. moisture. Concentration of 
sludge for from fifteen to twenty-four hours decreased the volume 
of sludge about 50 per cent. and its water content from 98 to 96 
per cent., the best results being obtained when the sludge was in 
a flocculent condition. Character of sludge effects the quantity 
to be handled; that is, poor results of operation as regards sewage 
treatment may mean increased cost of sludge disposal. 

Pressing of Sludge. — A section of a press of the Bushnell 
type, formerly used for chemical precipitation sludge, was 
demonstrated to be unsuitable for pressing activated sludge, 
unless about 2 500 lbs. of lime in the form of milk of lime were 
added to 100000 gals. of sludge and pressing made for about 
two hours at 60 Ibs. per square inch pressure. Without the use 
of lime, various results of pressing were obtained, depending 
somewhat upon the character of the sludge; but in all cases 
radial streaks of soft sludge were formed which rendered the 
press cake unfit for disposal. Our present installation of sludge. 
presses is unsatisfactory for handling activated sludge without 
preliminary treatment. The results indicated that the success- 
ful press should de-water the sludge to about 70 per cent. mois- 


DISPOSAL OF WORCESTER SEWAGE. 121 


ture during the first twenty to thirty minutes of operation, and 
the addition of lime should not be necessary. 

Sludge as Fertilizer Material.— The nitrogen content of 
activated sludge is greater than that of any other sewage sludge 
at Worcester. Fertilizer analyses of activated sludge, Imhoff 
tank and final settling basin sludges are given as follows, the 
results being percentages and given in the above order. 


Substance. I. ite To 
APotwWeItrOPER pee) oe. sures ees 4.06 2.61 2.42 
Available nitrogen............--+-- Tas) 1.25 efi 
Total phosphoric acid...........-- 2.26 1.66 3.43 
Citrate insoluble acid...........-- 0.50 0.46 1.16 
Citrate soluble acid... .. 2222. 0.5 4 1.76 1.20 B27 
Potash* 


* Not determined, varies from 0.0 to 0.05 per cent. 


The available nitrogen in the Imhoff tank sludge is but 
little less than that in the activated sludge, while the final set- 
tling basin sludge contained considerably more than did activated 
sludge. The final settling basin sludge also contained much 
more total and citrate soluble phosphoric acid than did acti- 
vated sludge. The actual nitrogen content of activated sludge 
as compared with combined Imhoff tank and final settling basin 
sludge, based on unit quantity of sewage treated, is approxi- 
mately 23 times as great. If revenue was desired along these 
lines, facilities would have to be provided for handling six times. 
as much unconcentrated and three times as much concentrated 
activated sludge as of the combined sludges, and about one and 
one-half times as much dry solids. 

Summary. — The operation of the experimental activated 
sludge plant for a period of thirteen months demonstrated that 
this process of treatment of Worcester sewage will produce an 
effluent of excellent appearance and good chemical quality. 
The quantity of air required was much greater than that which 
has been considered possible to use in other cities. This in- 
creased air requirement is due in great part to the necessity of 
reducing the organic content of the effluent to a relatively small 


122 BOSTON SOCIETY OF CIVIL ENGINEERS. 


quantity in the absence of any nitrogen as nitrates, in order to 
obtain a stable effluent. The problem of disposal of latge 
volumes of sludge each day was only partially solved, but it 
was demonstrated that our present sludge press installation was 
not suitable for handling activated sludge. 
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CAMP DEVENS WAS READY! 


Army Cantonment at Ayer, Mass., 
Completed on Schedule Time 


Demonstrating the Wisdom of awarding this 
Contract on a Cost Plus Percentage Basis 


The 622 Buildings whose completion our schedule called for by Sep- 
tember | were ready for the troops, and many of them occupied. 


And 124 Buildings in Addition, including 46 of the 59 buildings 
needed for the 1,000-bed hospital unit, costing $500,000 ; refrigerating 
plants, storehouses, bakeries and miscellaneous buildings— all these com- 
pleted ahead of schedule time, 


Completing This $6,000,000 Contract on Schedule Time 
Necessitated : 


A Force of 9,000 Men || Unloading 50 Carloads of 
A Weekly Payroll of Materials Daily 

ran || Building a Complete Water 
Sai in ee See | Supply System with 
Finishing One Building | il f Pi 

Every Forty Minutes for | co a ape al 

Two Months | Building a Complete Sewer- 
The Delivery of 30 Million | age System with 

Feet of Lumber | 20 Miles of Pipe 


Capt. Canfield,’ in command of the Ayer Camp, informing us that Ayer headed the list of 
cantonments in percentage of completion, writes : 
"© This distinction should be a source of great gratification to 
your organization, as it is to mine. Ad 
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